Since concomitant release of structurally related peptide hormones with apparently similar functions seems to be a general concept in endocrinology, we have studied the dynamics of the lifetime of the three known adipokinetic hormones (AKHs) of the migratory locust, which control flight-directed mobilization of carbohydrate and lipid from fat body stores. Although the structure of the first member of the AKHs has been known for 20 years, until now, reliable data on their inactivation and removal from the hemolymph are lacking, because measurement requires AKHs with high specific radioactivity. Employing tritiated AKHs with high specific radioactivity, obtained by catalytic reduction with tritium gas of the dehydroLeu2 analogues of the AKHs synthesized by the solid-phase procedure, studies with physiological doses of as low as 1.0 pmol per locust could be conducted. The AKHs appear to be transported in the hemolymph in their free forms and not associated with a carrier protein, despite their strong hydrophobicity. Application of AKHs in their free form in in vivo and in vitro studies therefore now has been justified. We have studied the degradation of the three AKHs during rest and flight. The first cleavage step by an endopeptidase is crucial, since the resulting degradation -products lack any adipokinetic activity. Half-lives for AKH-I, -II and -m were 51, 40, and 5 min, respectively, for rest conditions and 35, 37, and 3 min, respectively, during flight.
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The rapid and differential degradation of structurally related hormones leads to changes in the ratio in which they are released and therefore will have important consequences for concerted hormone action at the level of the target organ or organs, suggesting that each of the known AKHs may play its own biological role in the overall syndrome of insect flight.
Flight activity in insects possibly is the most energy-intensive activity in the animal kingdom. Endocrine control of metabolism during long-distance flight in locusts is governed by adipokinetic peptide hormones (AKHs). Contrary to their name, these hormones are involved not only in lipid mobilization but also in carbohydrate release from fat body stores, as well as in protein, RNA, and lipid synthesis in the fat body and in flight muscle metabolism (1) (2) (3) (4) . In the migratory locust, Locusta migratoria, three AKHs are found (5-7): a decapeptide and two octapeptides ( Fig. 1 ; for nomenclature, see ref. 8) . They are synthesized and stored in the glandular cells of the corpora cardiaca (9, 10) . The bioactive hormones are processed from their respective prohormones (7) , of which we recently elucidated the amino acid sequences by molecular cloning (11) . The AKHs are members of the AKH/red pigment concentrating hormone peptide family, of which, to date, nearly 30 members, isolated from insects and crustaceans, have been fully sequenced. All members are structurally related Cand N-terminal blocked peptides with 8, 9, or 10 aa and share several common structural features (12) .
To construct a physiological model to explore the rationale for the release of three structurally related peptide hormones with similar functions during physical exercise, we have investigated the dynamics of release, response, and (in the present study) lifetime for the three AKHs. Knowledge of the lifetime of concomitantly released peptide hormones is essential to this model, since differential degradation of these hormones will change the ratio in which they were released and therefore affect their physiological responses in the target organs. Consequently, each of the AKHs may exert its own, possibly unique, influence on separate aspects of energy mobilization and use during exercise. During flight in L. migratoria, AKH-I and -II (and probably also AKH-III) are released by exocytosis from the corpora cardiaca into the hemolymph. The most important target tissue for the AKHs is the fat body, in which they stimulate the hormone-dependent triacylglycerol lipase and glycogen phosphorylase (13) , though with different potencies (14) . Since physiological responses of AKHs in the fat body include an increase in cAMP level (15) as well as stimulation of phosphoinositide turnover (16) and depend on intra-and/or extracellular calcium ions (17) (18) (19) , it is most likely that-like other receptors for peptide hormones-also the AKH receptor or receptors are linked to G proteins for their intracellular responses (15) . The titer of the AKHs in the hemolymph is very low (20, 21) , and their hydrophobic nature suggests their transport to be in association with specific transport or carrier molecules or with the lipid-transporting lipophorins, though this has never been postulated.
Studies on the degradation of AKH-I and -II in the desert locust, Schistocerca gregaria, performed to get insight into effective inactivation and to obtain quantitative data for their half-lives, have resulted in the elucidation of their complete degradation pathways (22) ; The first step is the cleavage of the N-terminal tripeptide pGlu-Leu-Asn, which they have in common, resulting in a corresponding hepta-or pentapeptide. Since these primary degradation products are devoid of any adipokinetic activity (22) (23) (24) (25) (26) (27) (28) .
In this paper we present data for the degradation and removal from the hemolymph of AKH-I, -II, and -III of L. migratoria, during rest and flight using tritiated hormones. Solid phase synthesis of [dehydroLeu]AKHs and subsequent catalytic reduction with tritium gas resulted in specific radioactivities sufficiently high, to allow-for the first time-studies with individual animals using physiological doses as low as 1.0 pmol. EXPERIMENTAL PROCEDURES Animals. Locusts (L. migratoria migratorioides) were reared in the laboratory under crowded conditions (10) . Only adult male animals were used, 14-15 days after imaginal ecdysis.
Chemicals. [4,5-3H-Leu2]AKHs were custom synthesized by Cambridge Research Biochemicals (Northwich, U.K.). The starting peptide (synthesized by solid-phase peptide synthesis) was the corresponding 4,5-dehydroLeu2-derivative of Locusta migratoria AKH (Lom-AKH)-I, -II and -III, respectively (29) . The dehydroLeu-peptides were tritiated by catalytic hydrogenation with tritium gas at >98% isotopic purity (30) . Directly before their use in experiments, the tritiated hormones were carefully freed from radiolysis products by purification via HPLC using standard procedures for AKHs (7) . The specific radioactivities of the peptides used were 2.12, 2.11, and 0.84 TBq/mmol for Lom-AKH-I, -II, and -III, respectively. [Carboxyl-14C]inulin was obtained from Du Pont de Nemours (New England Nuclear, Dordrecht, The Netherlands; specific radioactivity 96.2 MBq/g). Acetonitrile (HPLC-grade) was from Rathburn Chemicals (Walkerburn, U.K.) and trifluoroacetic acid (HPLC-grade) and trichloroacetic acid were from Merck (Darmstadt, Germany). All other chemicals were of reagent grade and were purchased from local distributors.
Incubations of Hemolymph with Radiolabeled AKHs. From 10 resting animals, 250 ,ul of hemolymph was collected and pooled using a Hamilton microsyringe and incubated for 30 min on ice in an Eppendorf tube with 1.0 pmol of radiolabeled Lom-AKH-I, -II or -III. For Lom-AKH-I, the experiment was also repeated at 30°C for 2 hr. After incubation, hemolymph was freed from hemocytes by centrifugation. The hemolymph was diluted 1:1 with elution buffer (31) and separated by gel filtration over a column of Ultrogel AcA 22 (Pharmacia; 50 x 1.6 cm) using elution buffer at 8 ml/hr (31 7 .2). Tissues and feces were homogenized in 0.5 ml of water. After sonification, 0.5 ml of 10% trichloroacetic acid was added, and, upon vortexing, the homogenate was treated as described for hemolymph.
Reversed-Phase Gradient HPLC. AKHs and their degradation products were analyzed by reversed-phase gradient HPLC using an Alltech HPLC-RP 300 C8 column (220 x 4.6 mm). The elution program was essentially as described (7) . All solvents contained 0.1% trifluoroacetic acid.
Statistical Analysis. Results were plotted using SIGMAPLOT version 5.0. All values are given as means ± SEM. Differences between curves were analyzed using ADVANCED ANOVA or MULTIPLE REGRESSIONS (for semilogarithmic plots) of the computer program NCSS version 5.01. Significance of differences between individual time points was assessed by a Student's t-test for unpaired comparisons (34) .
RESULTS
Incubation of Hemolymph with Tritiated AKHs. To address the question whether physiological doses of the AKHs may be transported in association with lipophorins in the hemolymph, samples of hemolymph from resting locusts were incubated with tritiated AKHs. All experiments revealed that there is no association of the AKHs with one of the larger protein components in the hemolymph. High molecular mass (lipo)proteins like high-density lipophorin coelute with peak 1 and low molecular mass proteins like apolipophorin III with peak 2, whereas the AKHs coelute with peak 3, consisting of components of low molecular mass (mainly amino acids, small carbohydrates, inorganic salts, etc.; Fig. 2 ). The pattern seen in Fig. 2 was observed for all three AKHs. Increasing incubation temperature (up to 30°C) and time (up to 2 hr) had no effect. We conclude that, despite their strong hydrophobicity, there is no separate transporting or carrier protein for the AKHs in the hemolymph and therefore degradation and inactivation of AKH in vivo can be studied after injecting the hormones per se. The radioactivity in the hemocytes was negligible, ranging from 1.5-2.5% of the injected dose (data not shown).
Time Course of Total Radioactivity in the Hemolymph. In Fig. 3 , the total radioactivity recovered in the hemolymph with time is plotted. Note that total radioactivity recovered in hemolymph consists of both radioactivity in nondegraded hormone and in radioactive degradation products. For all three AKHs, both at rest and during flight, a decrease with time is observed. This decrease is quite different for each of the three hormones (AKH-III >> AKH-II > AKH-I). All ob- (Fig. 4) . The time course of radioactivity in AKH, tripeptide, and nonidentified products for rest and flight conditions is presented in Fig. 5 . Both at rest and during flight a rapid decrease for all three AKHs is observed and a simultaneous increase in the tripeptide, although apparently to a maximal level of -0.25 pmol per animal. Significant amounts of other radioactive degradation products were not found. In tissues investigated (midgut, hindgut, and Malpighian tubules) and, surprisingly, also in excrements small amounts of intact radioactive AKHs and their radioactive tripeptide were found (data not shown).
Determination of Half-Lives of AKHs. Since the pattern of clearance for a hormone from the compartment into which it is released usually is according to an exponential function, semilogarithmic plotting of data on clearance (viz. as decrease of radioactivity in AKH) versus time will result in a straight line. Fig. 6 
DISCUSSION
We have studied the inactivation of the three endogenous AKHs of the migratory locust during rest and flight conditions. Because the AKH titer during flight conditions has been estimated to be -1-2 pmol (20, 21) , tritiated AKHs with a very high specific radioactivity were synthesized, so that injection of physiological amounts of 1.0 pmol could be studied. In all previous reports on the degradation of AKHs, nonphysiological amounts had to be used due to too low specific radioactivities of the AKHs. Because all three Lom-AKHs appear to be transported in the hemolymph in their free form and not (despite their strong hydrophobicity) associated with transporting molecules like lipophorins (Fig. 2) , the AKHs were injected per se. Fortunately, this finding justifies the previous in vivo and in vitro studies in which the free hormones have been used.
We measured the time course of the radioactivity in the hemolymph following injection of radiolabeled AKHs (Fig. 3) , which demonstrated that the total radioactivity gradually decreases, indicating that part of the radioactive hormone and/or its degradation products are no longer present in the hemolymph compartment in their free form. The AKHs may have been bound to receptors or aspecific binding places, taken up by circulating hemocytes or by surrounding tissues or organs. The possibility of uptake holds also for the degradation products. As the hemocytes appear to contain very small amounts of radioactivity (<2.5% of the injected dose), it can be concluded that, particularly after a short period (15 min), most of the hormone in the hemolymph is bound to specific and aspecific binding places. Assuming that at rest the AKH receptors are not occupied with hormone, from Fig. 3 , it can be roughly estimated that per animal at maximum about 0.15, 0.3, and 0.5 pmol of specific and aspecific binding places per locust must be present for AKH-I, -II and -III, respectively.
Although the three AKHs in Locusta are completely blocked peptides with a C-terminal amide group and an (Fig. 5) .
We calculated the half-lives of the three AKHs from semilogarithmic plots of remaining radioactivity in the AKH versus time ( Fig. 6 (20, 21 (36) has demonstrated that low doses of one of the peptides involved can impair the effects of effective doses of the other. Thus, changes in the levels of concomitantly released, structurally related hormones may have important physiological relevance. In the locust these changes in relative hormone levels resulting from differential inactivation suggests that each of the AKHs may exert its own, possibly unique, influence in the observed change from carbohydrate to mainly lipid catabolism during flight (13) . Studies with respect to substrate specificity of the degrading endopeptidase or endopeptidases will be necessary to characterize the enzyme.
